I. INTRODUCTION
SNOM microscopy is gammg interest in use with other well consolidated techniques as Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM) [I] . SNOM is characterized by a low impact on the specimen, comparable to AFM techniques [1 ] . SNOM microscopy is characterized by a lower invasiveness and complexity in preparing samples if compared with SEM and TEM. It also shows higher surface topographic resolution respect to conventional optical and confocal microscopes. With a single surface scan a SNOM can provide a multitude of information from the sample: surface topography, reflective and transmission (for transparent samples) near field images, far-field optical transmission images and fluorescence [2] .
A further advantage of SNOM in respect other Scanning Probe Microscopy (SPM) techniques is its unique capability to detect structures, through the near-field optical interaction, up to SOnm below the surface of cells and other transparent samples.
As other emerging technologies SNOM still presents issues related to imaging repeatability of in liquid samples. Preparation and duration of the probes constitute a problem as well. Moreover samples to be imaged present peculiar constrains: imaging of cell membranes requires a soft interaction with the surface, thus excluding any kind of hard 978-1-4799-3866-7/14/$31.00 ©2014 IEEE
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Clinical Dept. of Medical, Surgical and Health Sciences, University of Trieste Trieste, Italy interaction, such as tapping and contact SPM modes; the presence of a liquid environment presents the problem of adhesion of the probe over sample substrate [3] . SNOM microscope is constituted of a primary transducer, the optical probe, that is kept at a constant distance from specimen surface and allows the near field interaction (IOnm) between optical Electro Magnetic (EM) field and the surface. This distance is controlled by an actuator connected to the optical probe and an electronic control loop similar to those of other SPM systems.
Present activity is focused on performance enhancement of SNOM probes through a complex activity of analysis, modeling and development of secondary transducers and related electronics, to meet the requirements of accuracy and repeatability necessary to bring in liquid SNOM microscopy to a high level of confidence.
The former stage of this work is the implementation of a method for the characterization of existing SNOM probes, in order to identity their working principles and parameters to use in numerical simulations. The latter stage is the design of a new type of probe and its characterization, performance assessment both with conventional dry samples, in liquid and with low adhesion samples.
II. EXPERIMENTAL SETUP AND PRELIMINARY RESULTS

A. Characterization platform
Two different setups have been implemented to provide an insight view of SNOM probes. The first one is constituted of a HP4192A commercial electrical impedance analyzer, a computer for the automation of the measurement instrumentation, data collection and elaboration. A micrometric linear positioning stage is used to accurately move the probe under test near and through the surface of a small cup filled with a physiology solution, pure water or other liquids. This setup is suitable for the characterization of electro-mechanical properties of secondary transducer in different conditions of immersion in water and optical fiber layout.
The second test setup is a commercial SNOM microscope (TriA-SNOM by A.P.E. Research) used to characterize imaging performances of both standard and enhanced SNOM probes.
B. Design and characterization o/SNOM probes
The primary transducer of a SNOM probe is constituted of an optical fiber or another device that can carry a light beam to its tip, thus allowing the near field interaction with the specimen. The secondary transducer exploits some electro mechanical interaction, such as piezoelectricity, to transmit movement to the primary transducer and to detect the weak atomic forces that occur between the tip and the surface.
Conventional AFM cantilevers can be functionalized by injecting some laser light through the tip [3, 4] . By this mean the light scattered by the near field interaction between tip and specimen can be measured with a light detector. Although this setup is efficient in air or vacuum operation, it is not convenient to use for specimen that requires a liquid environment, such as biological tissues and organisms. The main difference between micro cantilevers and fiber-based secondary transducer systems is that the first ones have to be immersed completely in water, thus resulting in a high surface interaction with the medium. The strong dumping and the presence of spurious and higher order resonant modes make the cantilever based probe very instable and very little sensitive to atomic forces.
The Q value is an important indicator of the sensitivity performance of the probe. As a rule of thumb, the higher the quality factor the higher the sensitivity of the system. The quality factor Q could be defined for both mechanical and electrical resonators as the ratio of stored and lost energy per cycle. In micro cantilever SNOM probes the degradation of Q from air to water can vary from two to three decades.
The performance of bimorph based SNOM probes was discussed by Longo et al. [5, 6] . These probes are constituted of a cantilever that works in free air and to which is attached an optical fiber that is partially immersed in water. The probe is working in tapping mode, thus oscillating orthogonally to the specimen surface. By this mean water damping effect only affects the tip, resulting in a better hydrodynamic effect when compared to standard cantilever AFM probes. They report a beam resonant frequency of 3-6 kHz and a quality factor Q of 170-180, slightly lower than the free air value.
As a preliminary test we have modified the bimorph proposed by Longo et al. by bonding the fiber alongside the beam and mounting it orthogonally to the sample holder. By this mean the oscillating direction is parallel to the sample surface (shear mode). This configuration has two advantages:
I. The fiber has less dissipative and load effects on the beam, increasing its Q (in this case fiber mass has less inertial effect on the resonation) 2. Working in shear mode the squeezing effect of the probe on the specimen is avoided, as well as the formation of micro bubbles.
2
Another solution makes use of a commercial quartz tuning fork as secondary transducer [3, 7, 8] . In this case the fiber is attached alongside the resonator, thus the vibration and scanning movement of the tip is in shear mode (Fig. 1) . Although from a hydrodynamic point of view this configuration has a higher impact with the water medium, characterization tests showed only little degradation of the performance of the transducer compared to the free air setup.
Both in tapping and shear mode, fiber-based probes show little degradation when used in a water medium. A comparison of performances of different probes is reported in Table 1 . It is clear that the only system strongly affected by the medium change is the conventional AFM cantilever. Although quartz tuning fork resonators have a very high Q factor when closed in their package, Q value of tuning based probes shows a dramatic decrease. We decided to investigate the cause of this degradation of performance to identity the ways of improvement. It has been adopted a secondary transducer constituted of a commercial quartz tuning fork and soldered on a proper mount housing. These forks oscillate in their fundamental lateral mode, moving the two arms in opposite directions on the plane in which the arms are placed. The optical fiber is glued to one arm of the crystal and exceeds of 2-3mm its length. In this way only the tip interacts with the water, leaving almost unchanged the characteristics of the secondary transducer.
To optimize the SNOM probe, an electromechanical model of the resonator has been implemented on a commercial multiphysics finite element simulator, Comsol Multiphysics. The problem of bonding the fiber on the resonator is complex. The model consists of a multilayer which is composed of a high rigidity layer, the quartz, a viscous-dumper, which is the glue, and another rigid layer formed by the fiber. Moreover the length of the fiber over the crystal arm is essential for the quality of resonance [9] [10] [11] . The fiber mass unbalances one of the resonating arms. By detuning, those spurious modes are less uneven; moreover while the arms are unbalanced, the energetic coupling is affected thus reducing the Q factor. After tuning the model with experimental data of the crystal resonator, the bonding of a fiber bit on the arm has been simulated, in order to evaluate the effects of this mass addition. The zero-strain axis of the tuning fork -the zone with less strain during arm oscillation -has been identified. By this mean it has been possible to determine the bonding area in which the resonator is less susceptible to fiber gluing. The faces of crystal arms are the parts with minor strain, thus with lower sensitivity to the interaction with an attached material.
The quality factor of a 32.768 kHz tuning fork closed in its package is very high, in the order of 20k. By opening the seal, air and stress induced by opening the package will affect the resonance. The operation of gluing the fiber adds another loss factor to the resonator. At this point the probe can be used to acquire an image, both in air and water. Table 2 reports Q factor of the secondary transducer during its assembly steps for two probes with the fiber bonded in the conventional and new position. The length of the part of fiber tip that stretches out the fork arm was determined, in the new probe layouts, after an accurate acoustical impedance matching procedure of the fiber tuning fork resonant system. In this case the fiber exceeded the crystal arm of \-1.5mm. Figure 2 shows a SNOM probe with the novel fiber layout. Common values in literature state a decrease Q of about 80% when moving from air to water, while the proposed probes have 60% degradation at 300llm immersion [8] . As reported in Table 2 , the comparison of quality factor of the two 3 probes confirms the results of the simulations: a consistent improvement in the Q factor is achieved by modifying the bonding position of the fiber.
C. Probe characterization of in liquid sensitivity
The SNOM probe has been characterized as a force transducer to assess its sensitivity both in air and in water. For this test it has been used a commercial SNOM microscope. Resonant frequency and amplitude of the tuning fork were acquired while controlling the distance probe-sample. The amplitude signal was recorded during a vertical scan on the z axis. The obtained curve is used to evaluate the width of the probe-sample interaction area, the hysteresis of the probe and transducer sensitivity. The first measurement was made with a brass plate as sample and is shown in Fig. 3 .a. At a high tip metal plate distance, the probe is moving in free air, thus the oscillator is at its amplitude maximum. By approaching the metal plate (left direction on the x axis) atomic forces start to occur and the amplitude of the signal is decreasing more rapidly. Eventually the tip reaches the plate resulting in strong atomic forces that dump crystal oscillations at its minimum. Figure 3 .b reports amplitude-distance curves for an aluminum sample both in air and distilled water. The interaction area is wider in liquid (25-30nm) than in air (lOnm). This could be addressed to the presence of liquid molecules that enables long range and dissipative interaction with same surface. The sensitivity of the transducer is affected as well. In air the amplitude curve shows a 30m V Inm, while in distilled water it is reduced to 2.8m V Inm. While comparing these numbers it has to be considered that in water solutions there are no capillary forces and Van der Waals forces are the main cause of tip-sample interaction.
A second kind of force that could interest the tip-probe interaction in liquid is the double layer force. This was proposed as an electric charge on the tip due to ionic adsorption from the liquid and from the dissociation of functional groups from the surfaces [11] .
III. SNOM IMAGING PERFORMANCE
The probes were realized in the APL laboratory; the optical fiber was attached on the neutral plane of a tuning fork and was used on a commercial SNOM-AFM microscope. With this system topographic, transmission and reflective optical images have been acquired. Three samples were used: a brass plate, a strong fixed cell sample and a soft fixed one.
The comparison between images from different type of samples allowed the identification of potentiality and limitations of developed probes. Moreover it was possible to evaluate the capability of the probe to work with low fixed cells on a substrate. Figure 4 shows topographic images of the brass sample. The probe follows the shapes with the same accuracy, resolution and repeatability both in air and in liquid. On rigid samples this probe maintains the same performance when moved from air to liquid. Figure 5 , shows a topographic image of a biological sample of mesothelium in water. Figure 6 report an image of a gently bonded mesothelium cells in liquid. Reflective near field and transmission far field are shown. In this case, even if the adhesion of the cells on the substrate is much lower, the probe shows good capability in scanning images even from non-dehydrated cells which present a higher degree of fragility. The transmission far field optical image enhances the presence of details and structures placed beyond cell's membrane and that were not visible in the topographic image.
A. Metrological Characterization SNOM probes metrological characterization was performed using as reference a certified secondary standard. This was a Micromasch TGZ02, a silicon grating used for the vertical characterization of SPM systems. This reference has a 311m pitch and 0.151lm step depth. Tests were performed using the same SNOM apparatus used for biological samples. Two consecutive scans have been made; the first was in air while in the second test sample and SNOM tip operated in distilled water. in Fig. 7 and match with nominal values. Figure 8 shows in liquid imaging of the grating standard. Both topographic and optical near field reflective images have been acquired. In this case image quality seems corrupted if compared to the image in air. Anyway shapes and dimensions of the grating are maintained. The metrological characterization confirmed that the resolution of this probe is compatible with SPM probe standards and it can perform with similar sensitivity both in air and in liquid.
IV. CONCLUSIONS
In this article a novel approach for the construction of SNOM probes has been proposed. A system for the realization and the metrological characterization of microscopy probes has been implemented. Successively, technological and functional optimization approaches have been defined and applied to SNOM probes. This allowed the realization of probes with higher sensitivity and repeatability, even in water. Moreover these probes allow the imaging of gently fixed biological tissues that cannot be processed by other scanning force microscopy techniques. 
